Abstract : Chromium in fumes generated in work environments including sites of welding work appears in various and complex states.
INTRODUCTION
Differential determination of chromium in various states is very useful for estimating the toxicities of substances containing chromium, because the toxicity of chromium depends upon the chemical and/or physical state in which it occurs. In particular, the precise determination of chromium(VI) species is required on account of its high toxicity. Although several reports have been published concerning the differential determination of chromium (III) species and chromium(VI) species in aqueous solutions by chemiluminescence,1,2) liquid chromatography,3,4) separation with ion exchange resin,'-7) coprecipitation,8) and electrochemical deposition,9) no reports have been published regarding the determination of chromium speciation AND F. SERITA in particulate substances. In addition, the solubilities of chromium species must be considered in such cases.
The difficulties involved in determination of chromium speciation lie in how to sample the particulate substances without changing the original state of the chromium and how to determine the various chromium species. The present work deals with the latter points, especially with regard to fumes. An investigation on the former points will be reported elsewhere.10)
Fumes containing chromium are generated from various work environments including sites of welding work. The chromium in fumes appears in various chemical states. Water-soluble chromium (VI) compounds, insoluble chromium(VI) cornpounds, soluble chromium (III) compounds, insoluble chromium (III) compounds and metallic chromium are the chemical species expected to appear. Apart from these, chromium(II), chromium (IV) and chromium(V) species could also exist in fumes, though they are very unstable. The compounds listed above include oxides and salts, and some of them might be in the form of amorphous structures. Moreover, they are mixed at random in many cases.
Dissolving these fumes in solutions could make chromium species change to other chemical species, such as when chromium(VI) is reduced to chromium(III). Also, some surrounding insoluble chromium species such as chromium (III) oxide could inhibit the dissolution of soluble species, affecting the analytical values obtained.
Various chromium species have been detected in fumes with ESCA11) and ESR spectrometry.12) Both methods are free from the danger of changing the chemical state of the chromium, because they do not require sample pretreatment.
However, the former has the disadvantage of low sensitivity and poor reliability, while the latter has a low sensitivity for solid samples and cannot detect chromium(VI) species. Moreover, both methods yield little information about solubility.
The sodium carbonate leaching method13) has recently been adopted as a reliable method for determining chromium (VI) in solid samples, but it affords no information about the structure and the solubility of chromium(VI) species. Moreover, the availability of the method has been examined only with synthesized samples which were mixtures of commercial reagents such as potassium dichromate, lead chromate and others, and has not been confirmed completely for complicated samples such as welding fumes.
Fumes of metals with high melting points can be prepared using a plasma metal sprayer.") When fine metal powders are applied to the apparatus, they are heated above their boiling point, vaporized in an argon atmosphere, and oxidized in air before being cooled. Through this process, the particles aggregate to form fumes in a similar manner to that which occurs when actual fumes are generated. The fumes produced can therefore be regarded as a model of actual fumes.
In the present work, fumes generated using a plasma metal sprayer were treated with various solutions in different series of tests, and chromium(VI) and chromium (III) in each solution were determined differently. The procedure presented was demonstrated to yield enough information for estimating the toxicity of chromium fumes.
MATERIALS AND METHODS

Fumes
Chromium fumes were prepared by applying 99.9% chromium powders with particle sizes under 200 mesh (purchased from Soekawa Chemicals Co.) to a plasma metal sprayer (type 7MC, METCO Inc.) operating at 43 V-1100 A, with an argon stream of 47 l/min. The color of the generated fumes was dark brown.
Reagents
Reagents purchased from Wako Pure Chemical Industries Ltd. were ammonium chloride and potassium chromium sulfate of analytical grade, hydrochloric acid, nitric acid, sulfuric acid, perchloric acid and aqueous ammonia for the analysis of toxic metals, and a standard solution of chromium for atomic absorption spectrometry. Diphenylcarbazide for colorimetric determination of chromium(VI) was purchased from Merck & Co., Inc. and tris(hydroxymethyl)aminomethane was purchased from Sigma Chemical Co. Deionized and tri-distilled water and the membrane filters of cellulose ester (25 mm in diameter and 450 nm in pore size, Millipore HAWP0025)
were used throughout the present work.
Instruments X-ray diffractometry was performed with a conventional X-ray diffractometer manufactured by Rigaku Denki Co., Ltd. Scanning electron microphotographs were obtained with a Hitachi HSM-2B. Total chromium and chromium (VI) in solutions were determined by atomic absorption spectrometry (absorption at 359.3 nm measured with a Hitachi 6000) and by the colorimetric method15) ( After each filtration the undissolved residue was immediately subjected to subsequent treatment. Individual examinations were carried out three times, and the amount of total chromium and chromium(VI) in each solution were averaged.
RESULTS AND DISCUSSION
By X-ray diffractometry, no diffraction lines were detected other than those of the corundum structure of dichromium trioxide.
A scanning electron microphotograph of the fumes on a nuclear filter showed that unit particles smaller than 50 nm in diameter were aggregated to form individual fume particles (Fig. 2) . Figure 3 shows the amounts of chromium(VI) and chromium(III) dissolved in each solution after one-hour leaching. A considerable proportion of the chromium was dissolved in alkaline solutions, and all of this was hexavalent. A small amount was dissolved in neutral and acidic solutions, and the major proportion of this was hexavalent while a minute part was trivalent.
Chromium(III) oxides or inorganic salts except dichromium trioxide in corundum structure dissolve readily in acidic solutions, and chromium(VI) oxides or salts except lead chromate and zinc chromate dissolve readily in aqueous solutions of any pH value. The reduction of chromium(VI) proceeds in acidic solutions at appreciable rate. Therefore, the soluble chromium in the fumes must have been hexavalent due to the fact that the amount of chromium dissolved in the acidic solution was less than those dissolved in the neutral or alkaline solutions.
After application of the fumes, the pH values of tris buffer solutions changed from 7.5 to 7.4, and that of distilled water became 4.5. Chromium trioxide was regarded as the dominant species of the dissolved chromium, as chromium trioxide is the sole acidic chromium(VI) compound. In tris buffer solution, chromium trioxide dissolve easily and the reduction of chromium (VI) proceeds very slowly. Therefore the amount of chromium(VI) dissolved in tris buffer solution can be regarded as the chromium trioxide contained in the fumes, the amount in this case being 3% of the total. The amounts of chromium(III) dissolved in 0.1 N hydrochloric acid were not larger than those in tris buffer solutions or distilled water. Metallic chromium readily dissolves in 0.1 N hydrochloric acid, to become chromium(III) ions. Metallic chromium in the fumes, therefore, was of undetectable quantity (less than 0.5 % of the total).
The amount of chromium dissolved in 1 N hydrochloric acid varied with leaching time as shown in Fig. 4 . Even eleven days was not a sufficient term for complete dissolution of the dark brown parts of the fumes. A considerable amount of chromium(VI) was detected in the dissolving solution. The content of chromium(VI) in the dissolved chromium could not be exactly determined, since the reduction of chromium(VI) to chromium(III) in acidic solutions proceeds simultaneously with the dissolving process. Treating the fumes with distilled water over a long period dissolved an appreciable proportion of the chromium in the fumes.
Seventy-five percent of the chromium was dissolved by 6 hours leaching with heated dilute sulfuric acid, and fine green particles remained undissolved. The undissolved part (25% of the total) was regarded as dichromium trioxide with a The expected maximum value is the amount of chromium dissolved by 6 hours leaching with heated dilute sulfuric acid.
corundum structure, and the dissolved part was regarded as mixed oxide of chromium(III) and chromium(VI) which dissolved very slowly in hydrochloric acid solution.
The sum of the amounts of chromium dissolved in alkaline solutions and subsequently with 1 N hydrochloric acid for 11 days, was equal to that dissolved in 1 N hydrochloric acid for 11 days, as shown in Fig. 5 . Also, the sum of the amounts of chromium(VI) dissolved in ammonium buffer solution and subsequently in sodium carbonate, was equal to that dissolved in sodium carbonate solution.
The amount of chromium(VI) dissolved in alkaline solutions and distilled water varied with the leaching time as shown in Fig. 6 . Thirty percent of the total chromium was extracted by one hour leaching with sodium carbonate solution, and no more chromium was dissolved by treatment longer than one hour. In ammonium buffer solutions, chromium(VI) was dissolved slowly. The chromium(VI) dissolved in sodium carbonate solution was the total amount of chromium(VI) in the fumes.
From the above results, the fumes were concluded to contain dichromium trioxide with a corundum structure (25%), an amorphous mixed oxide fraction (72%), and chromium(VI) trioxide (3%). Because 30% of chromium (VI) was contained in the fumes, a part of the mixed oxide fraction (27% of the total) was chromium(VI), and the residual part (45% of the total) was chromium(III).
The dissolution behavior of chormium(III) in the hydrochloric acid solution indicated that it was in the form of an incomplete corundum structure; in other words, one lacking many chromium-oxygen bonds.
The chromium(VI) in the mixed fraction dissolved slowly in ammonium buffer solution as shown in Fig. 6 , some unknown factor slowing the dissolution rate of chromium(VI) species. The chromium(VI) dissolved in 0.1 N hydrochloric acid solutions more slowly than in ammonium buffer solution as shown in Figs. 4 and 6, even though chromium trioxide is readily dissolved in acidic solution. The dissolution of the chromium(VI) therefore had to be associated with the dissolution of the chromium(III) in the mixed oxide fraction. These facts suggest that the chromium(VI) oxides were randomly mixed with chromium(III) oxides. Fig. 7 shows that chromium(III) tetrahydroxide anions and chromium(III) trihydroxide precipitates in the colloidal state were gradually oxidized to chromate anion in heated sodium carbonate solutions, while the amount of chromium(VI) from the fumes dissolved by sodium carbonate solution was time-independent as shown in Fig. 6 . Therefore the chromium(III) in the fumes was stable enough to avoid being oxidized by sodium carbonate. The sodium carbonate leaching method did not result in overestimation of chromium (VI) in the fumes.
Although it took more than several days for the chromium(VI) oxides to dissolve in 1 N hydrochloric acid solution, they were dissolved within one hour by sodium carbonate leaching. This leaching was potent enough to readily extract bound chromium(VI) in the fumes examined. The dissolved chromium(VI) might have represented almost all of the chromium(VI) included in the fumes, because the unit particles of the fumes were very small as stated above.
However, the possibility can not be completely excluded that chromium(VI) oxides existed which were prevented from coming into contact with the leaching solutions by surrounding chromium(III) oxides with a rigid structure, and which therefore remained undissolved. The existence of such species would result in the underestimation of chromium(VI). Neither ESCA nor X-ray fluorescence spectrometry was able to detect any such chromium(VI), since the both methods observe only the surface layer of sample. However, even if such chromium (VI) oxides exist, they might be in only very small amounts, because they inhibit the formation of mixed chromium (III) and chromium(VI) oxide fraction so rigid that they do not readily dissolve in 1 N hydrochloric acid solution.
CONCLUSION
Determination of chromium speciation in chromium fumes was performed by examining the amounts of chromium dissolved in various solutions, and the proportion of dichromium trioxide with a corundum structure, chromium(III) oxide and chromium(VI) oxide in a nonstoichiometric state, and free chromium(VI) oxide were determined differentially to be 25%, 45%, 27% and 3%, respectively. Their solubilities were also estimated. It is very interesting that the about 40% of the chromium has been shown to be released within two weeks from the lungs of rats which inhaled the chromium fumes of the same lot as those examined in the present work.116)
The procedure presented in this work might be available for the determination of chromium speciation in various types of fumes in order to estimate their toxicities, with a few modifications of the procedure if necessary. However, fair amounts of sampled fumes are necessary for the performance of all parts of the procedure. A procedure consisting of three steps might be sufficient for estimation of toxicity. These three steps would be leaching of the sample fumes with sodium carbonate solution for one hour, digestion of the undissolved portion with heated dilute sulfuric acid for a few hours and fusion of the undissolved portion with a boiling mixture of sulfuric acid and perchloric acid. Each step would be followed by the determination of the resulting amount of chromium dissolved by atomic absorption spectrometry.
The portions dissolved at each step could be regarded as total chromium(VI), chromium(III) possible to dissolved and dichromium trioxide with a corundum structure. The chromium (VI), which is determined at the first step, could be dissolved in the human body because chromium(VI) in fumes can be dissolved in neutral solution over a long period. Some part of chromium (III), which is determined at the second step, could be dissolved in the human body because its structure is not so rigid. The proportion of the soluble part of chromium (III), however, cannot be predicted. Dichromium trioxide with a corundum structure may hardly be dissolved in the human body.
The chromium (VI) compounds in such complex systems have been shown to be determined with high accuracy by the sodium carbonate leaching method. 
